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Inducing alignment of cyclic peptide nanotubes
through the use of structured ionic liquids†
Nolene Byrne,*a Donna Menzies,a Nicolas Goujona and Maria Forsythb
We describe a convenient route to the alignment of cyclic peptide
nanotubes (CPNs). The key lies in the use of nanostructured ionic
liquids. An ionic liquid supported membrane with orientated
domains is demonstrated, leading to aligned CPNs within a solid
membrane.
The design of membranes with discrete tunable ion channels
remains a fundamental challenge for the membrane technol-
ogist. Nature, on the other hand eﬀectively employs ion
channel membranes to selectively transport target ions.1,2
Indeed, our own bodies use ion channel membranes in the
transport of essential nutrients.3 The ion channels generally
consist of pore forming proteins, which orientate themselves
within a lipid bilayer. Recently, cyclic peptides consisting of
an even number of alternating D/L amino acids have been
shown to stack together to form a tubular ensemble.4,5 Mole-
cular dynamics shows that these cyclic peptide nanotubes,
CPNs, will align perpendicular to the bilayer structure6
and can be used to transport ions.7 Selectively can be achieved
by changing the diameter of the cyclic peptide, this is achieved
by changing the number of amino acids within the ring.4,8
Studies by Ghadiri et al.9,10 have shown that indeed these CPNs
can transport ions or molecules. The transport of diﬀerent
sized molecules, using diﬀerent ring diameters, has been
achieved. However, these studies used liposomal solutions with
transport occurring across the lipid bilayer from within the
‘‘molecule rich’’ vesicle.10 Whilst this work has validated the
ability to use CPNs to selectively transport target ions or
molecules, in the context of membrane design and achieving
directional uniaxial alignment, liposome solutions are not a
viable support solvent. Therefore, there is a need to use alter-
native techniques to align CPNs towards creating ion selective
membranes.
In this communication, we use the nanostructured ionic
liquid, 1-octyl-3-methylimidazolium chloride, OMImCI to align
the cyclic peptide nanotubes. Ionic liquids, ILs, are known as
designer solvents capable of being tailored to meet the require-
ments of a vast range of applications.11,12 More importantly
some ILs, in particular the long chain imidazolium based ILs,
have been shown to have a liquid state organized nanostructure
which resembles a bilayer.13,14 The structure of the IL can be
altered or induced by the use of additives. Previously, the
addition of B5 wt% water to 1-decyl-3-methylimidazolium
bromide was found to induce a gel which exhibited liquid
crystalline properties.15 We found similar behavior for the
shorter OMImCI with the addition of water. Fig. 1a shows the
polarized optical images of OMImCI + 15 wt% H2O at 35 1C; at
this temperature the sample is an optically isotropic liquid.
On cooling back to room temperature the sample converts from
a free flowing liquid to a gel. Polarized optical images show
the evolution of the liquid crystalline gel where, in this case,
we are able to promote ordering from the IL/air interface.
We presume that interaction with water from the atmosphere
at this interface is contributing to this growth direction.
Fig. 1 POM images of OMImCI + 15 wt% H2O at (a) 35 1C, (b) 22.7 1C, (c) 22.5 1C
and (d) 22.1 1C scale 10.
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Fig. 1b–d demonstrates the growth of the liquid crystalline
phase from the IL/air interface as the temperature decreases.
Having established the presence of order in this shorter
chain imidazolium chloride with water (ESI,† Fig. S1, FTIR
spectrum show no diﬀerence in the optically isotropic sample
when compared with the liquid crystalline gel, suggesting order
remains in the liquid state) we sort to see if we could use this
hydrated IL system to align the CPNs. The CPNs used is
this study where comprised of cyclo[(L-Gln-D-Ala-L-Lys-D-Ala)2].
This sequence was selected as it self assembles into an anti-
parallel b-sheet like cylindrical structure.16 To confirm the
peptides have self assembled into antiparallel b-sheet like
cylindrical structures we examined the cyclic peptides using
cryo – TEM and FTIR. Fig. 2a shows the cryo TEM image of the
self assembled CPNs where tube like structures can be seen.
FTIR was used to examine the amide I and amide II regions of
the CPNs. Peaks at 1620 cm1 and 1540 cm1 are known to
indicate antiparallel b sheet formation. Fig. 2b shows the amide I
and amide II of the CPNs, it can be seen that the CPNs have the
expected antiparallel b sheet structure.
To visualize the orientation of the CPN within the IL we used
the dye thioflavin T (ThT). ThT is well known to fluoresce when
bound to self assembled peptides exhibiting a b-sheet structure
and thus ThT fluorescence is a commonly used assay for
measuring the kinetics of b-sheet formation in peptides.17,18
Fig. 3a shows the confocal image of the CPNs self assembled in
water. It can be seen that un-orientated bundles of CPN exist in
the water solution. In contrast, when we add the cyclic peptide
monomers into the OMImCI + 15 wt% H2O system the cyclic
peptides self assemble and align. Fig. 3b shows the confocal
image of CPNs in the nanostructured IL, OMImCI + 15 wt%
H2O at a CP concentration of 4 mg ml
1. The rows of green
represent the CPNs and it can clearly be seen that directional
alignment is achieved. We have achieved the directional align-
ment by heating the sample into the isotropic liquid state then
cooling, such that, the liquid crystalline phase grows inwards
from the IL/air interface, similar to what was described above
(ESI,† Fig. 2a shows alignment at the interface). As shown in
Fig. 1d the liquid crystalline order of this hydrated IL system
adopts a fan like structure, by overlaying the phase image and
the fluorescence image, Fig. 3c, we observe that the CPNs are
aligned within these fanned domains. The observed ‘‘fan like’’
structure generally represents a hexagonal mesophase contain-
ing densely packed cylindrical micelles, the arrangement of the
hexagonal domains appears to be responsible for inducing the
CPN alignment. To ensure the ThT is binding only to the
assembled CPNs we examined the OMImCI + 15 wt% H2O in
the absence of cyclic peptide, no fluorescence is observed, as
shown in Fig. 3d. The liquid crystalline gel however is still
present as shown by the phase diagram on the insert. This
supports our claim that the ThT dye is bound only to the
b-sheet forming CPNs.
To determine if indeed an ionic liquid with an organized
structure was required we added the cyclic peptide monomer
to the shorter chain 1-butyl-3-methylimidazolium chloride,
BMImCI + 15 wt% H2O and, while self assemble did occur
alignment did not. The CPNs failed to suspend within the
hydrated BMImCI solution, instead they settled to the bottom
of the vial and when examined using confocal microscope only
randomly orientated bundles of CPNs could be observed,
similar to the water case (ESI,† Fig. S3). Attempts were also made
to align pre assembled CPNs within the OMImCI + 15 wt% H2O,
however we found that this did disrupt the liquid crystalline
formation and no alignment was achieved under the conditions
investigated here.
We subsequently attempted to create a self standingmembrane
with ordered domains. To achieve this, we swelled nano-
structured, woven PVDF membrane with the OMImCI + 15 wt%
H2O containing 4 mg of cyclic peptide. Supported ionic liquid
membranes, SILMs, are promising materials for membrane
design and in particular ionic liquid swelled PVDF membranes
have been shown to be advantageous for CO2 capture.
19,20
A robust flexible membrane was created. Fig. 4a shows an
image of this membrane held between tweezers. In order to
Fig. 2 (a) Cryo TEM of cyclo[(L-Gln-D-Ala-L-Lys-D-Ala)2] self assembled into nanotubes
(b) FTIR spectrum of self assemble CPN, in the amide I and II region confirming b-sheet
structure. Scale 1 mm.
Fig. 3 Confocal images of (a) 4 mg CPN in pH 7 solution showing random
orientation of the CPNs, (b) 4 mg CPN OMImCI + 15 wt% H2O, clear alignment of
the CPN is observed, (c) overlay of the phase diagram which shows the previous
observed fan like order in the liquid crystalline and how this structure is related to
the CPN alignment and (d) OMImCI + 15 wt% H2O only with ThT dye showing
that, in the absence of the cyclic peptide no fluorescence is observed. Insert
confirms that the OMImCI + 15 wt% H2O is in the liquid crystalline phases and
that the ThT does not bind to the IL.
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investigate if the liquid crystalline properties of the OMImCI +
15 wt% water systems would be maintained in the self sup-
ported membrane configuration we examined the membrane
using polarized optical microscope. Fig. 4b confirms that the
liquid crystalline order of this hydrated IL is maintained in
the SILM configuration. Fig. 4c shows the confocal image of the
SILMs where the aligned nanotubes can be observed. This
image suggests that, within the ‘‘ionic liquid regions’’ of the
membranes, the CPNs align much like it did in the IL–water
system shown above in Fig. 3.
In summary, we have shown that nanostructured ionic
liquids can be used to induce alignment of cyclic peptide
nanotubes. The peptide aligns itself within the structured
domains of the ionic liquid crystalline gel. We were able to
create a supported ionic liquid membrane, while still main-
taining the liquid crystalline order of the OMImCI + 15 wt%
containing 4 mg CPN. This resulted in a membrane with
ordered domains containing ion channels. These membranes
have potential as selective ion transport membranes for both
separation and battery technologies as well as biosensors and
other electronic devices. Future work will be aimed at under-
standing CPN alignment and ion transport in these supported
ionic liquid membranes.
This work was supported through the ARC Australian Laureate
Fellowship scheme. NB acknowledges support through ARC
Discovery grant DP1094583.
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